Using polytomous IRT models to evaluate theoretical levels of understanding models and modeling in biology education by Krell, Moritz
Using polytomous IRT models to evaluate theoretical levels of understanding 
models and modeling in biology education
Moritz Krell
Freie Universität Berlin, Berlin, Germany
Moritz.Krell@fu-berlin.de
Received 4th June 2012, Accepted 2nd October 2012
Abstract
Forced choice-tasks have been developed to assess students’ (N = 901) understanding of models and 
modeling in biology based on a theoretical structure differentiating five aspects and three levels of 
understanding (Upmeier zu Belzen & Krüger, 2010). The data have been analyzed by using the partial 
credit and the rating scale model to evaluate the assumption of an increasing degree of difficulty from 
level I to level III in each aspect. The findings suggest (1) that the levels of understanding are not equi-
distant across all aspects and (2) that the theoretically developed levels of understanding are in fact 
ordered by difficulty. However the latter issue needs further investigations since the present findings 
are not clear for all five aspects of the theoretical structure.
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Introduction
The importance of models and modeling for 
science education has been highly recognized 
(e.g. Oh & Oh, 2011; Windschitl, Thompson, 
&  Braaten, 2008). Upmeier zu Belzen and 
Krüger (2010) have developed a theoretical 
structure of understanding models and model-
ing in biology education with the five aspects 
nature of models, multiple models, purpose of 
models, testing models, and changing models. 
Each aspect is further differentiated into three 
levels of understanding which reflect an in-
creasing degree of complexity. Such a struc-
ture may be used as an analytic framework to 
investigate students’ understanding of models 
and modeling and the success of teaching 
units in a detailed way. However the theoreti-



























be evaluated (Upmeier zu Belzen & Krüger, 
2010). The present article contributes to this is-
sue by analyzing the levels of difficulty and the 
assumption of an increasing degree of com-
plexity from level I to level III in each aspect.
Forced choice-tasks have been developed to 
assess students’ (N = 901) understanding of 
models and modeling in biology. Two poly-
tomous IRT measurement models have been 
used to analyze the data: The partial credit 
model (PCM; Masters, 1982) and the rating 
scale model (RSM; Andrich, 1978) which both 
have been developed for tasks with more than 
two ordered response categories. However the 
rating scale model assumes equidistant scoring 
(Andersen, 1977). A comparison of both mod-
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els’ estimates provides an insight to what ex-
tent this assumption is appropriate for the cur-
rent data (Wu, Adams, & Wilson, 2007) and 
thus may provide hints concerning specific 
learning differences in the five aspects.
Theoretical Background
Based on international research findings on 
models and modeling in science education 
(e.g. Crawford &  Cullin, 2004; Grosslight, 
Unger, Jay, & Smith, 1991; Justi &  Gilbert, 
2003) Upmeier zu Belzen and Krüger (2010) 
developed five aspects concerning the under-
standing of models and modeling in biology: 
Nature of models, multiple models, purpose of 
models, testing models, and changing models. 
Following Mahr (2009) three perspectives on 
models can be distinguished: The model ob-
ject, the creation of a model, and the applica-
tion of a model. These perspectives have been 
used by Upmeier zu Belzen and Krüger (2010) 
in different ways to develop three levels of 
understanding in each aspect (Table 1): In the 
aspect nature of models different beliefs about 
the relation of a model and its original are de-
scribed. Hence all levels refer to the creation of 
the model in this aspect. In the aspects multiple 
models, testing models, and changing models 
level I refers to the model object, level II to the 
creation, and level III to the application of the 
model. In the aspect purpose of models level 
I and level II refer to the creation of the model 
but level III to its application. The three levels 
in each aspect describe an increasing degree of 
complexity but there is no theoretical descrip-
tion about the difficulties of the adjacent levels 
in each aspect (Upmeier zu Belzen & Krüger, 
2010). So it is not clear if the levels describe 
equal steps of difficulty across the five aspects 
or if the step difficulties are specific for each 
aspect. Terzer and Upmeier zu Belzen (2011) 
were able to separate the three levels empiri-
cally. However a possible hierarchy needs to 
be evaluated further. For example differences 
in the levels’ relative difficulty between the 
aspects may provide practitioners with clues 
about specific learning difficulties in each as-
pect. In the following it will be analyzed to 
what extent the levels describe common steps 
of difficulty across all five aspects and to what 
extent they describe an increasing degree of 
difficulty in each aspect from level I to level III. 
Hence it is assumed that more complex lev-
els of understanding are represented by higher 
step difficulties (i.e. thresholds).
Research Questions
(1) To what extent do the data support equi-
distant differences between the three lev-
els of understanding across all five aspects 
of models and modeling?
Hypothesis (H1): The differences are not 
equidistant across all aspects because the 
theoretical perspectives by Mahr (2009) 
have not been used consistently by Up-
meier zu Belzen and Krüger (2010) to de-
velop the levels of understanding in the 
five aspects (Table 1). Consequently the 
PCM is assumed to have a better model fit 
and smaller information indices than the 
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Level 1 Level 2 Level 3
Nature  of 
models
Replication of the 
original
Idealized representation of the 
original





jects Different foci on the original 




Describing the original Explaining the original Predicting something about the original
Testing  
models
Testing the model ob-
ject
Parallelize the model and the 
original




Correcting defects of 
the model object Revise due to new insights
Revise due to the falsification 
of hypotheses about the origi-
nal
Table 1. The theoretical structure as proposed by Upmeier zu Belzen and Krüger (2010). Grey indicates the three perspec-
tives by Mahr (2009). Light grey: model object; medium grey: creation; dark grey: application.
(2) To what extent do the data support an 
increasing difficulty of the three levels in 
each aspect?
Hypothesis (H2): Since the three levels are 
developed as (at least) ordinal categories 
(Upmeier zu Belzen & Krüger, 2010) the 
thresholds, the point-biserial correlations, 
and the person measures in each level 
are expected to increase monotonically 
(Linacre, 2002; Wu et al., 2007).
Method
30 forced choice-tasks (6 tasks per aspect) have 
been developed to assess students’ (N = 901; 
11 to 17 years old; secondary school) under-
standing of biological models according to the 
theoretical structure by Upmeier zu Belzen 
and Krüger (2010). A multi matrix booklet de-
sign was conceptualized to keep the number 
of tasks for every student small (for further in-
formation about sample and scoring methods 
see Krell &  Krüger, 2011). ConQuest (Wu et 
al., 2007) was used to analyze the data using 
the PCM and the RSM. In these models the 
probability p of person ν answering in response 
category k on item i is estimated as follows (cf. 
Nering & Ostini, 2010):
In the PCM the thresholds (δis) are not equidis-
tant within an item and they may vary between 
items whereas there is only one threshold for 
all items in the RSM: δis = δi + λs, where δi is the 
location of the item on the latent scale and λs 
is the overall threshold. Hence equal distances 
between the response categories are assumed 
in the RSM (‘equidistant scoring’; Andersen, 
1977). The PCM and the RSM are nested mod-
els with the RSM as the more restrictive one 
so they can be compared using descriptive 
information indices (e.g. cAIC, aBIC) and the 
chi square difference test (Kang et al., 2009). 
If the distances between the three levels of un-
derstanding are equidistant across all aspects, 
the RSM will show a better model fit as it is 
the more parsimonious one. If the assumption 
of equidistant scoring is not adequately appli-
cable to the actual data the PCM will show a 
better fit (Wu et al., 2007).
The empirical dimensionality of the construct 
‘understanding models in biology education’ 
is still an open question (Terzer, Krell, Krüger, 
& Upmeier zu Belzen, 2011). Since the current 
analysis focuses on the level of understanding 
and not on the dimensionality, one-dimen-
sional measurement models are used to esti-
mate the relevant values (cf. research question 
two). This allows more reliable and more trust-
worthy estimations (Pietsch, 2010). Using the 
better fitting measurement model (cf. research 
question one) the thresholds, the point-biserial 
correlations, and the average person measures 
are analyzed. These values should be as fol-
lows to support the assumptions of an increas-
ing difficulty: The thresholds should be δi1 < δi2, 
with 1.4 logits < δi2 - δi1 < 5.0 logits (Linacre, 
2002) – or λs instead of δis for the RSM. The 
point-biserial correlations for the three levels 
of understanding (Wu et al., 2007) and the av-
erage person measures (Linacre, 2002) should 
increase monotonically. To ensure precise esti-
mates Linacre (2002) recommends at least ten 
observations per category.
Results
The PCM shows smaller values of cAIC and 
aBIC than the RSM (Table 2). Beyond that the 
chi square difference test results in a significant-
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Table 2. The number of estimated Parameters (nP), the Deviance (Wu et al., 2007), the cAIC (Burnham & 
Anderson, 2004), the aBIC (Sclove, 1987), and the EAP/PV-reliability (Wu et al., 2007) of the PCM and the RSM. 
 nP Deviance cAIC aBIC Reliability 
PCM 61 13,500.99 13,632.01 13,722.28 0.687 
RSM 32 13,639.15 13,705.59 13,775.24 0.685 
 
𝑃𝑃(𝑋𝑋𝑣𝑣𝑣𝑣 = 𝑘𝑘) = 𝑒𝑒𝑥𝑥𝑥𝑥∑ (𝜃𝜃𝑣𝑣−𝛿𝛿𝑖𝑖𝑖𝑖)𝑘𝑘𝑖𝑖=0∑ [𝑒𝑒𝑥𝑥𝑥𝑥∑ (𝜃𝜃𝑣𝑣−𝛿𝛿𝑖𝑖𝑖𝑖)𝑟𝑟𝑖𝑖=0 ]𝑘𝑘𝑟𝑟=0  , where δi0 ≡ 0, so that ∑ (𝜃𝜃𝑣𝑣 − 𝛿𝛿𝑣𝑣𝑖𝑖) = 00𝑖𝑖=0  (PCM), 
 
𝑝𝑝(𝑋𝑋𝑣𝑣𝑣𝑣 = 𝑘𝑘) = exp∑ (𝜃𝜃𝑣𝑣−(𝛿𝛿𝑖𝑖+λs))ks=0∑ [exp∑ (𝜃𝜃𝑣𝑣−(𝛿𝛿𝑖𝑖+λs))𝑟𝑟𝑖𝑖=0 ]𝑘𝑘𝑟𝑟=0  , where λ0 ≡ 0, so that ∑ (𝜃𝜃𝑣𝑣 − (𝛿𝛿𝑣𝑣 + λs)) = 00𝑖𝑖=0  (RSM). 
 
p < .001. The reliability (rel.EAP/PV = 0.69) and 
the variance (var. = 1.00) of the single dimen-
sion is acceptable. 
For the PCM, MNSQ- and t-values indicate 
a good fit between the data and the one-
dimensional PCM (Penfield, 2004; Smith, 
2000). These values are comparatively poor for 
the RSM (Table 3).
The estimates of the PCM additionally under-
line the assumption of non-equidistant differ-
ences between the three levels across the five 
aspects. For example there are relatively big 
distances δi2 - δi1 in the aspect nature of models 
whereas these distances are relatively small in 
the aspect purpose of models (Table 4).
Since the PCM shows a significantly better fit 
this model is used to evaluate the three lev-
els’ difficulty (Table 4). In the aspects nature 
of models, multiple models, and purpose of 
models most of the values are in line with the 
assumptions of ordered response categories 
which are outlined above: The differences of 
the thresholds are between 1.4 and 5.0 logits 
in most cases and the point-biserial correla-
tions as well as the average person measures 
increase monotonically from level I to level 
III. However the difference δI2  - δI1 is greater 
than 5.0 logits in the aspect nature of models. 
Furthermore the point-biserial correlations of 
items N_V, M_I, and M_V are quite close but 
still increase monotonically. In the aspect test-
ing models the point-biserial correlations of all 
items do not increase monotonically. Similarly 
they do not increase monotonically in the as-
pect changing models in three cases. Finally 
there are more than ten observations in each 
response category despite of item N_II (level I) 
and item T_VI (level I) and the observed counts 
of level I are relatively small in the aspects test-
ing models and changing models for all items 
(Table 4).
Discussion
In line with H1 the PCM shows a better mod-
el fit than the RSM. Hence the assumption of 
equidistant scoring across all five aspects does 
not seem to be appropriate for the current data. 
Consequently the relative difficulty of the three 
levels is likely to vary across the five aspects. 
For example it seems to be comparatively 
‘hard’ to take the step from level I to level II 
in the aspect purpose of models and compara-
tively ‘easy’ to answer on a high level in the 
aspects testing models and changing models.
H2 can be confirmed partially since the rel-
evant values indicate an increasing degree of 
difficulty from level I to level III in the aspects 
nature of models, multiple models, and pur-
pose of models. However in the aspects testing 
models and changing models the point-biserial 
correlations indicate that it is ‘harder’ to an-
swer on level I than on level II. In both aspects 
level I refers to the model object (Mahr, 2009) 
and it seems to be hard for students to under-
stand the testing and changing of a model only 
with respect to the model object. However 
both the item thresholds and the average per-
son measures are in line with the assumptions 
of ordinal response categories. Consequently 
the point-biserial correlations may be disor-
dered because of relatively few students rank-
ing level I first and not because of relatively 
high cognitive demands of this level (Wu et 
al., 2007). That is why it should be investigated 
further if the levels of understanding describe 
an increasing degree of difficulty, especially in 
these two aspects.
There are two possible limitations of the pres-
ent study. First, as mentioned above, the five 
aspects were treated as one scale (i.e. one-
dimensional) in order to allow more reliable 
estimations (Pietsch, 2010). However, this may 
have influenced the findings. For example, 
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Unweighted Weighted
MNSQ t MNSQ t
PCM 0.90 ≤ MNSQ ≤ 1.14 -1.30 ≤ t ≤ 1.70 0.90 ≤ MNSQ ≤ 1.13 -1.40 ≤ t ≤ 1.80
RSM 0.77 ≤ MNSQ ≤ 1.34 -3.00 ≤ t ≤ 3.70 0.77 ≤ MNSQ ≤ 1.34 -3.10 ≤ t ≤ 3.80
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Table 4. The thresholds δi1 and δi2, the observed count, the point-biserial correlations (bold numbers: p < .05), and 
the average person measures for the items I to VI of the five aspects (Upmeier zu Belzen & Krüger, 2010). 
 
Item Threshold Observed count (%) Point-biserial corr. Person measure 
 δi1 δi2 I II III I II III I II III 
Nature of models 
N_I -3.44 1.71 4.20 78.32 17.48 -0.26 -0.07 0.21 -1.01 -0.16 0.40 
N_II -3.40 1.48 3.92 73.53 22.55 -0.33 -0.13 0.29 -0.92 0.01 0.56 
N_III -1.72 1.43 16.71 62.40 20.89 -0.31 -0.09 0.39 -0.56 -0.05 0.64 
N_IV -2.21 1.41 12.80 65.40 21.80 -0.34 -0.19 0.49 -0.89 -0.23 0.87 
N_V -2.47 1.42 9.25 67.62 23.13 -0.30 -0.29 0.53 -0.81 -0.14 0.86 
N_VI -2.53 1.41 8.70 68.90 22.41 -0.40 -0.16 0.44 -1.17 -0.08 0.62 
Mean -2.68 1.48 9.26 69.36 21.38 -0.32 -0.16 0.39 -0.89 -0.11 0.66 
Multiple models 
M_I -2.92 1.18 10.30 62.66 27.04 -0.37 -0.30 0.58 -0.88 -0.08 1.00 
M_II -1.80 0.97 15.01 57.22 27.76 -0.46 -0.11 0.49 -0.90 -0.10 0.56 
M_III -1.85 1.03 14.33 57.67 28.00 -0.45 -0.21 0.58 -0.82 -0.17 0.78 
M_IV -2.06 1.19 12.90 61.29 25.81 -0.40 -0.11 0.42 -0.84 -0.13 0.62 
M_V -1.92 1.03 12.50 59.44 28.06 -0.33 -0.27 0.54 -0.66 -0.14 0.74 
M_VI -1.76 1.11 15.75 58.27 25.98 -0.35 -0.21 0.53 -0.76 -0.17 0.68 
Mean -2.05 1.09 13.47 59.43 27.11 -0.39 -0.20 0.52 -0.81 -0.13 0.73 
Purpose of models 
P_I -2.53 1.57 8.85 71.24 19.91 -0.41 -0.03 0.33 -1.09 -0.03 0.59 
P_II -1.97 1.29 14.07 63.47 22.46 -0.40 -0.06 0.40 -0.84 -0.10 0.52 
P_III -1.67 0.87 16.59 54.15 29.26 -0.42 -0.14 0.49 -0.84 -0.10 0.72 
P_IV -1.48 0.82 18.60 52.98 28.42 -0.49 0.02 0.40 -0.84 -0.14 0.36 
P_V -1.76 1.04 15.58 57.61 26.81 -0.41 -0.17 0.53 -0.78 -0.18 0.78 
P_VI -1.83 1.18 14.50 60.22 25.28 -0.37 -0.12 0.44 -0.69 -0.06 0.67 
Mean -1.87 1.13 14.70 59.95 25.36 -0.42 -0.08 0.43 -0.85 -0.10 0.61 
Testing models 
T_I -3.16 0.30 4.63 53.70 41.67 -0.29 -0.42 0.55 -1.00 -0.36 0.55 
T_II -2.94 0.25 4.97 50.55 44.48 -0.31 -0.36 0.50 -1.08 -0.26 0.50 
T_III -2.95 0.03 5.17 47.84 46.98 -0.30 -0.38 0.51 -1.17 -0.34 0.37 
T_IV -2.59 0.32 6.69 51.88 41.42 -0.23 -0.45 0.57 -0.65 -0.25 0.40 
T_V -3.04 0.38 5.31 53.75 40.94 -0.30 -0.40 0.54 -1.07 -0.38 0.57 
T_VI -3.75 0.09 2.59 49.74 47.67 -0.25 -0.48 0.56 -1.33 -0.35 0.56 
Mean -3.07 0.23 4.89 51.24 43.86 -0.28 -0.42 0.54 -1.05 -0.32 0.49 
Changing models 
C_I -3.19 0.92 4.63 63.35 32.03 -0.27 -0.30 0.44 -0.96 -0.11 0.56 
C_II -3.21 1.03 4.78 66.89 28.33 -0.26 -0.33 0.46 -0.92 -0.25 0.51 
C_III -2.75 0.65 6.93 58.76 34.31 -0.40 -0.22 0.44 -1.22 -0.25 0.41 
C_IV -2.87 0.71 6.52 59.06 34.42 -0.40 -0.21 0.42 -1.48 -0.20 0.49 
C_V -2.87 1.11 6.25 66.12 27.63 -0.28 -0.34 0.51 -1.05 -0.18 0.77 
C_VI -2.87 0.70 6.81 58.64 34.55 -0.37 -0.30 0.50 -1.17 -0.28 0.61 
Mean -2.96 0.85 5.99 62.14 31.88 -0.33 -0.28 0.46 -1.13 -0.21 0.56 
 
(Andersen, 1977) may be appropriate within 
each aspect but not, as shown in the present 
study, across the five aspects. In future investi-
gations separate analyses for each aspect may 
reveal to what extent there are equidistant 
thresholds within each aspect. Second, the 
present findings show and evaluate the relative 
fit of the RSM and the PCM. However, there 
are additional IRT models which may also fit 
the assumptions of the theoretical structure 
proposed by Upmeier zu Belzen and Krüger 
(2010) and may be used to gain further insights 
about students’ understanding of models. For 
instance the ordered partition model (Wilson, 
1992) which does not assume an order of all 
response categories may provide additional 
information about the relative difficulty of 
the three levels of understanding models and 
modeling in biology education.
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